• Disturbances of the soil did not lead to higher CO 2 emissions from the soil.
Introduction
More than half of the Swedish land area (23.1 Mha) is covered by forests with a production capacity > 1 m 3 wood ha -1 yr -1 . Of this, 0.23 Mha is clear-cut annually, and some form of site preparation is carried out on 92% of the clear-cut area to enhance forest regeneration (Swedish Forest Agency 2014) . The most common site preparation methods in Sweden are harrowing, and patch scarification (including mounding), which are respectively applied to ca. 52 and 25% of the annually clear-cut area (Eriksson 2014) . During the last decade the potential utility of harvesting stumps for bioenergy production, and thus reducing reliance on fossil fuels and emissions of carbon dioxide, has been extensively tested (Walmsley and Godbold 2010; Persson 2013) . However, both site preparation and stump harvest cause considerable soil disturbance by creating microsites characterized by a double humus layer, exposed mineral soil, and/or mixed humus and mineral soil layers.
Mechanical site preparation has been shown to increase soil temperature (Örlander et al. 1990; Kubin and Kemppainen 1994; Balisky and Burton 1997; Örlander et al. 1998 ) which positively affects rates of various soil and plant processes, such as water and nutrient uptake. Site preparation also changes the soil moisture conditions in microsites (Örlander et al. 1990; Elliott et al. 1998; Burton et al. 2000; Nohrstedt 2000; Mäkitalo and Hyvönen 2004; Sutinen et al. 2006) . Thus, since both soil temperature and soil moisture affect decomposition rates, site preparation is also highly likely to affect decomposition.
In addition, site preparation generally leads to reductions in soil organic carbon (SOC) stocks, according to several reviews (Johnson 1992; de Wit and Kvindesland 1999; Freeman 2005; Jandl et al. 2007 ). This has been generally attributed to increased rates of decomposition, but Johnson (1992) emphasizes that it is difficult to distinguish between C losses caused by increased decomposition and gathering slash into piles in some studies. Another complicating factor is that a reduction in soil C detected in the upper soil layers may simply be due to movement of some of the C into deeper layers caused by mixing the humus layer with the mineral soil (Freeman 2005; Nordborg 2006 ). Some of the site preparation studies included in the cited reviews focused on a particular soil horizon and did not take total soil C stocks into account, which further confounds interpretation of the results. Moreover, these reviews covered a wide range of forest management methods applied in diverse areas, and only two of the primary studies (Örlander et al. 1996; Nordborg et al. 2006) were conducted in Nordic countries. In addition, effects of site preparation treatments on litter decomposition reported in the cited reviews were mainly based on studies in which newly shed needles were observed during the first subsequent years (e.g. Johansson 1994b; Lundmark-Thelin and Johansson 1997) . These studies indicated that mass losses from litter are higher when it is placed between humus layers than when it is lying on an undisturbed soil surface, probably due to higher temperatures, more pronounced moisture cycles and the mixing of the humus layer and mineral soil (Johansson 1994b; LundmarkThelin and Johansson 1997; Mallik and Hu 1997) . However, there is little knowledge of the effects of mechanical site preparation on the decomposition of other litter components, such as coarse roots.
Boreal forest soils contain ca. 80 ton C ha -1 , according to estimates by Olsson et al. (2009) and Stendahl et al. (2010) , which is ca. twice as much as stocks in the standing tree biomass (Raich and Schlesinger 1992; Goodale et al. 2002) . Even minor soil disturbance can potentially affect decomposition rates, thereby reducing SOC stocks and increasing CO 2 emissions to the atmosphere. It is difficult to measure changes in SOC (Muukkonen et al. 2009 ), as changes are usually small in relation to the large stock. However, small changes in C emissions (and hence losses of SOC stocks) to the atmosphere following a disturbance can be relatively easily detected by measuring soil-surface CO 2 fluxes. A correction must also be applied to account for differences in the proportion of treated areas that is affected by soil disturbance (which varies substantially, depending on the method applied). Harrowing affects roughly half of the soil surface of clear-felled areas, whereas patch scarification affects around 25% (Bäcke et al. 1986; ). More pronounced disturbances, such as stump harvesting, affect around 75% of the soil surface (Kataja-Aho et al. 2011; .
In this study we examined effects of several types of soil disturbance commonly caused by mechanical site preparation and stump harvest on both soil-surface CO 2 fluxes (R s ) and litter (needle and root) decomposition. A tested hypothesis was that R s would be related to the amount of available organic matter following the applied treatments (hence removing the organic layer and doubling the humus layer were respectively expected to reduce and increase fluxes). We also hypothesized that mixing the mineral soil and organic layer would increase R s by creating more favorable conditions for the development of microorganisms. To test these hypotheses, we artificially disturbed soil at a clear-cut site in three ways then frequently measured R s over a two-year period. We also studied effects of the soil disturbances on decomposition rates of brown needle litter and fresh coarse roots (ø = 6 mm) up to four years after the treatment. Furthermore, we monitored nitrogen (N) and 15 N contents in the litter during the decomposition, since N is closely linked to the C cycle and strongly affects decomposition and respiration rates (e.g. Berg and Matzner 1997; Schlesinger and Andrews 2000; Janssens et al. 2010) . The N content in root and needle litter usually increases in early stages of decomposition through ingrowth of microorganisms and their translocation of N from other organic matter (Berg and Laskowski 2005) . Since the abundance of 15 N increases with depth in the soil profile (Hobbie and Högberg 2012) , 15 N analyses can provide information on effects of treatments on origins of the N in incubated litter.
Materials and methods

Site characteristics and experimental design
The experimental site was situated in eastern central Sweden (60°59´N, 16°24´E, 200 m a.s.l.), in a conifer forest, 3 km from the small municipality Åmot. The area is located in the boreal zone (cf. Ahti et al. 1968 ) and has a cold temperate climate (cf. Köppen 1936; Holdridge 1947) . According to data recorded at Åmot from 1995 to 2009, mean annual precipitation and temperature are 593 mm yr -1 and 4.3 °C, respectively, and according to records from 1961 to 1990 snow usually covers the ground from November to mid-April (SMHI 2012) .
The soil parent material is glacial sand, the soil was classified as podzol (cf. IUSS 2007) and the humus layer was ca. 5 cm thick. Before the final harvest, in May 2009, the forest stand contained 700 stems ha -1 , 50% Scots pine (Pinus sylvestris L.) and 50% Norway spruce (Picea abies (L.) Karst), with a stem volume of 280 m 3 ha -1 . The site index, defined as the expected height of the largest trees (in meters) at age 100 years (H100) was 26. Logging residues were removed with In the clear-felled area, 16 plots (2 × 2 m) were laid out in May 2009, in four blocks with minimal distance between plots, and all blocks within a radius of 25 m, so that the environmental conditions in each block were very similar. The four plots in each block were randomly assigned to the following four treatments: control (CON), exposed mineral soil (EMS), double humus layer with mineral soil on top (DHL), and mixed mineral and humus layer (MIX). For further details regarding the treatments, see Table 1 and Fig. 1 . The treatments were applied using an excavator equipped with a backhoe on June 16, 2009, and were intended to result in micro-environments mimicking four kinds of disturbances commonly seen after site preparation (such as patch scarification and harrowing) and stump harvest. No seedlings were planted in the experimental plots.
Soil-surface CO 2 fluxes (R s )
Soil-surface CO 2 fluxes in each plot (R s ) were measured before the treatments on June 10, 2009, and on 10 occasions after the treatment, usually at 2-3 weeks intervals, from late June to early October in 2009. They were also measured five times, monthly, from mid-May to mid-October in 2010.
The R s was measured with a portable soil-respiration system consisting of an infra-red gas analyzer (IRGA) connected to an opaque soil-respiration chamber (EGM-4 with a SRC-1, PPsystems, Hitchin, UK), according to Parkinson (1981) . The IRGA was equipped with a humidity sensor and a pressure sensor to adjust measured CO 2 concentrations to account for variations in humidity and air pressure. This soil respiration measurement system is frequently used and has been previously tested and compared to other systems, e.g., by Pumpanen et al. (2004a) . During each measurement, the respiration chamber was attached to a pre-installed PVC collar (10 cm in diameter), and readings were acquired every 4.2 seconds during an 80-second period. The last 14 readings were used for estimating R s by linear regression. At the same time, soil temperature at 10 cm depth and soil moisture at 5 cm depth were measured at a point adjacent to the collar with a STP-1 Soil Temperature Probe (PP-systems, Hitchin, UK) and a ML2x ThetaProbe (Delta-T, Cambridge, UK), respectively. The general calibration settings for mineral soil, e.g., C content < 7% and bulk density > 1 g cm -3 , were used for the soil moisture sensor (Delta-T Ltd., 1999). However, since C content and bulk density in the upper 5 cm layer varied among the treatments, soil moisture was used to indicate differences between dates within treatments, rather than among the treatments. At each plot in May 2009, four collars were inserted into the surface of the soil to approximately 1 cm depth, in order to keep them steady and ensure airtight, close contact with the ground. The height of the collars placed in the soil ranged from 5 to 10 cm. They were left to rest in the ground for five days before the first measurement and were then left in situ during the entire study period. Before further analysis, R s measurements were corrected for differences in the chamber volumes due to the variation in collar height. All measurements were carried out between 09.00 and 15.00 throughout the snow-free seasons in 2009-2010. To avoid differences in R s due to diurnal variation, measurements within a block were performed within an hour. Field vegetation was absent or negligible during the first year following the disturbance, but grass (mainly Deschampsia flexuosa) started to grow on all of the plots (sparsely, to heights up to ca. 10 cm) towards the end of the second year in plots subjected to all treatments except EMS (in which no field vegetation was detected).
Mass loss rates of needle litter and coarse roots
The decomposition rates of brown needle litter and fresh roots from Scots pine were studied using the litterbag technique, according to Johansson (1994b) . Needle litter was sampled from trees in a nearby forest stand (Jädraås, 15 km from the site) during the annual litter fall in the autumn of 2006. The brown needles were collected by placing a tarpaulin on the ground and gently shaking branches of the trees. The needles were then sorted, and only intact needles with no visible signs of fungal infection were selected for use in the decomposition experiment. The Scots pine roots were collected in spring 2009, from a forest close to Uppsala (59°49´N, 17°40´E), 140 km southeast of the site, by digging down to the root system and cutting pieces of roots that were approximately 6-7 cm long and 6 mm in diameter. The needles and roots were dried at room temperature to moisture contents of 5.7 ± 0.5% and 9.8 ± 0.5% (mean and standard error, n = 10), respectively. The dry masses of the needle and root samples were determined by drying sub-samples at 85 °C for 48 hours then weighing. Approximately 1.5 g samples of needles or roots were enclosed in 11 × 13 cm litterbags made of terylene netting with a 1 × 1 mm mesh. The exact weight of each sample, in grams to four decimal places, was noted on a plastic strip that was also enclosed in the bag. The litterbags were placed in the field on June 16, 2009, directly after the treatments were applied to the plots. At each plot, five sets of litterbags, each consisting of five needle and six root litterbags, were laid out. In the CON plots needle litter was placed on the soil surface, while root litter was inserted at 5 cm depth. In the other plots the litterbags were placed in positions where the site preparation treatment was presumed to move any root and needle litter: on the surface of EMS plots, between the two humus layers of DHL plots, and in the mixed layer of MIX plots (Fig. 1 , Table 3 ). The litterbags placed on the soil surface were fastened to the ground with 5 cm long metal pins at the start of the experiment, while twine was attached to those buried in the soil to facilitate resampling.
One set of litterbags was collected from each plot every spring (May) and autumn (September-October), during the 2009-2011 measurement periods, and the last set of root litterbags was collected in October 2012. Thus, there were five and six collections of needle and root litterbags, respectively. At the time of the last collection, as several years had passed since their placement some of the litterbags could not be found, but at least three litterbags were collected from each plot. The litterbags were transported directly to the laboratory (a 2 h drive), and stored in a freezer (-18 °C) until preparation for analysis, when they were cleaned of soil particles, moss, lichen, grass, and dwarf shrubs. The dry weight of the sample from each retrieved bag was determined after drying for 48 hours at 85 °C. 
Analysis of C, N, and 15 N
The replicated litter samples collected on each occasion were pooled to obtain a composite needle sample and a composite root sample for each plot. These samples were subsequently ground and their C contents were analyzed following Ohlsson and Wallmark (1999) , using a DeltaV Isotope ratio Mass Spectrometer coupled to a Flash 2000 elemental analyzer (both supplied by Thermo Fisher Scientific). Measured concentrations of C and N were converted to contents using appropriate mass factors, and residual amounts at each collection time were compared to initial amounts. δ 15 N (the difference in ratio of the rare stable isotope 15 N to that of 14 N in a sample and the atmosphere) was also calculated and expressed in parts per thousand (Robinson 2001) .
Calculations and statistical analyses
Treatment effects on the R s and rates of C and N losses were tested by two-factor analysis of variance (ANOVA), including treatment, sampling date and treatment × date interaction as fixed factors. The block, and interaction among block, treatment and collar, were included as random effects. The procedure "Proc mixed" in SAS Statistical software (V9.3, SAS Institute, Cary, NC, USA) was used to fit the model. All the response variables except R s met the normal distribution and homogeneity of variance requirements for ANOVA, for all groups, and the R s values met the criteria following log transformation, using date as a repeated measurement, and a spatial power covariance structure. The model was run using data for each year separately and for all years together. If a fixed effect was significant, a paired t-test adjusted for multiple comparisons, according to Tukey-Kramer's method, was used to identify the differences among treatments. A difference was considered significant if p ≤ 0.05. No time-related differences among treatments were tested. ANOVA was also used to test for the presence of any treatment effects on the temperature sensitivity of R s and basal respiration (R s at 0 °C), using the same procedure as above (following log transformation of the R s data), but with treatment, soil temperature, and treatment × soil temperature interaction as fixed effects.
Results
Treatment effect on Soil-surface CO 2 fluxes (R s ), soil temperature and moisture
The average R s before the treatments was 0.35 g CO 2 m -2 h -1 (SE = ±0.02, n = 16), and there were no significant differences in this respect between sets of plots assigned to different treatments (Table 2 ). After treatment, the fluxes from EMS plots decreased to one third of those from CON plots (Fig. 2, Table 2 ) and were significantly lower than fluxes recorded from all other plots during the entire measurement period. The R s from the DHL plots varied substantially during 2009 (Table 2) , ranging from values as low as those recorded from EMS plots on some dates (0.1 g CO 2 m -2 h -1 ) to values higher than those recorded from any other plots (1.4 g CO 2 m -2 h -1 ). Significant differences were observed between R s values recorded from DHL and CON plots on a few dates in 2009, but due to the large variation in DHL plots' R s values, there were no significant overall differences between them. In contrast, in 2010 fluxes from the DHL plots had stabilized at the same level as those observed from the CON plots.
Initially, fluxes from the MIX plots were higher than those from controls, but after a month they were not generally significantly different from control fluxes (Fig. 2, Table 2 ). In addition, there were some dips in their R s values during the first year, which coincided with the dips detected in the DHL plots. In the second year MIX plots had significantly lower R s values than CON plots (Fig. 2, Table 2 ).
The overall mean R s in 2009 from EMS plots was only a quarter of the R s from the other plots, while the mean R s values for the CON, MIX, and DHL plots were similar, despite the large temporal variation in fluxes from the DHL and MIX plots (Table 2 ). In the second year, EMS plots continued to have the lowest fluxes, while fluxes from CON and DHL plots were similar ( Table 2 ). However, fluxes from MIX plots decreased by 25%, and were lower than those from DHL and CON plots.
During the measuring periods, soil temperature (at 10 cm depth) varied between 4 °C and 17 °C (Fig. 3, Table 2 ). There were significant among-treatment differences in temperature in 2009, the highest temperatures being recorded in the DHL plots, followed by the MIX plots (Table 2) . Temperatures were higher in the EMS plots than in the CON plots in the warmest month, but lower during the coldest month. In 2010, the temperature was higher in the DHL plots than in plots subjected to the other treatments. Although there were significant among-treatment differences in soil temperature, they were relatively small, around 0.5-1 °C (Table 2) .
Soil moisture varied among dates, with similar patterns (including the maxima and minima occurring on the same dates) following all treatments ( Table 2 ). The soil moisture content in the CON plots varied between 9 and 21% (v/v) throughout the measuring periods.
Soil temperature was a significant fixed effect for log R s (p < 0.001), but not treatment (Fig. 3) , implying that temperature significantly influences R s . There were also no significant between-treatment differences in this respect, indicating that all treatments resulted in the same basal respiration (R s at 0 °C). However, the interaction between temperature and treatment was a significant fixed effect (p < 0.001), implying that the temperature sensitivity of R s differed among treatments (Fig. 3) . The temperature sensitivity was lower in EMS plots than in other plots in both years. There were no differences in R s temperature sensitivity among CON, DHL and MIX plots in 2009 (Fig. 3) . However, in 2010, the temperature sensitivity of R s was significantly higher in CON and DHL plots than in MIX plots.
C losses in needle and root litter
After 28 months incubation, C losses from the needle litter were highest in the DHL plots followed by the MIX, CON and EMS plots (76, 66, 58 and 52% losses of initial contents, respectively; Fig. 4, Table 3 ). Thus, needle litter buried in the soil (in DHL and MIX plots) decomposed more rapidly than samples incubated on top of the soil (in CON and EMS plots). The C losses from the needles were also slower during the winter periods than during summer (see the changes from 4-12 and 16-24 months in Fig. 4) . Between the 16th and 24th month following the treatments (winter 2010-2011), the C loss was close to zero in all except DHL plots, where a 7% loss was observed (Fig. 4, Table 3 ).
The roots decomposed slightly slower than the needles. After 28 months, the buried root litter samples in the CON, DHL, and MIX plots had lost about 50% of their initial amounts of C (Fig. 4,  Table 3 ), while needles had lost 63% on average. In EMS plots (where root samples were placed on top of the soil), the C losses were significantly lower (23% after 28 months) than in other plots. The root litter was incubated for a longer time than the needle litter, and finally (after 40 months) it had lost ca. 70, 70, 51 and 34% of its initial C contents in the CON, DHL, MIX and EMS plots, respectively (Fig. 4, Table 3 ). The seasonal effect was also much more pronounced for the root than the needle litter. Small or negligible root C losses were noted during the winter periods (see the changes from 4-12 and 16-24 months in Fig. 4) . In plots subjected to all treatments, a slight increase in C was observed during the second winter (16-24 months) and C contents continued to rise in EMS plots until the 28th month (Fig. 4, Table 3 ).
N losses in needle and root litter
After incubation for a year the N content in the needle litter had increased in plots subjected to all treatments. The N gain was highest in the DHL plots, followed by MIX, CON and EMS plots (100, 50, 20 and 7% increases, respectively; Fig. 5, Table 3 ). However, the increases did not significantly differ between CON plots and either MIX or EMS plots. After a rapid initial increase in the N content of the needles in DHL and MIX plots, the amount of N in the needle litter peaked after 12 months, then started to decline. The N content peaked a year later (after 24 months) in the EMS and CON plots. At the end of the study period (28 months), the remaining amount of N in the needle litter did not significantly differ between treatments (varying between 102 and 124% of the initial content; Fig. 5 , Table 3 ). The remaining amount of N showed a seasonal pattern, generally increasing during the winter months and decreasing during the summer. However, exceptions to this pattern were observed during the first summer, when it increased in the DHL and MIX plots, and in the second summer period, when it continued to increase in the CON plots (Fig. 5, Table 3 ). There were few significant differences in the remaining amount of N in the root litter between treatments during the four years (Fig. 5, Table 3 ). However, it was higher in DHL plots than in plots subjected to the other treatments in the first year, and higher in these plots than in CON and EMS plots after 16 months. The remaining amount of N in the root litter generally showed a seasonal pattern following all the treatments, increasing during the winter and declining during the summer months. However, again there were exceptions, including an increase in DHL plots in the first summer, and the amount remaining the same as in the previous period in EMS plots in the second winter. The amount of N in the root litter exceeded the initial content only in DHL plots, and only during the first year in these plots (Fig. 5, Table 3 ).
Treatment effect on δ 15 N
The measured δ 15 N abundance of needle litter in CON plots ranged from -5 to -4.4‰ during the entire incubation period, and was generally significantly higher in plots subjected to all three disturbance treatments (Fig. 6, Table 3 ). The δ 15 N abundance in the needle litter incubated in the EMS, DHL and MIX plots increased rapidly in the first year, from -4.7‰ to values between -3.0 and -3.4‰ and remained at this level thereafter.
The initial δ 15 N abundance in root litter (-2.3‰) was significantly higher than the initial needle litter abundance (-4.7‰; Fig. 6, Table 3 ). There were no significant between-treatment differences in this variable, except after 28 months when the abundance was significantly higher in root litter incubated in DHL plots than in the root litter incubated in CON plots. There was a general increase in δ 15 N abundance in root litter over time, which partly coincided with the increase in N content. After 40 months incubation, the δ 15 N in root litter had increased to around -1.3‰ in the CON and EMS plots, and greater increases were noted in the DHL and MIX plots (with δ 15 N reaching around -0.8‰). 
Discussion
Soil-surface CO 2 fluxes (R s ) and litter decomposition
The R s values we recorded are very similar to previously recorded fluxes (0.4-0.6 g CO 2 m -2 h -1 ) in clear-cuts in boreal forests during the warmest months, June-August (Pumpanen et al. 2004b; Uri et al. 2015) . Since our study was conducted at a clear-cut site, with no standing biomass and no field layer -and autotrophic respiration ceases within two weeks to two months after girdling of trees (Högberg et al. 2001; Olsson et al. 2005 ) -autotrophic respiration can be assumed to have been very low or negligible.
The decomposition rate of the pine needle litter in the CON plots (33% during the first year, Fig. 4 ) is also consistent with rates recorded in other clear-cuts (Johansson 1994b; Prescott et al. 2000; Palviainen et al. 2004) , and the loss of root mass loss in the first year (ca. 30%, Fig. 4) is consistent with recorded losses in other boreal forest stands (Berg 1984; Berg et al. 1998; Silver and Miya 2001) . It should be noted that we used somewhat coarser roots (6 mm diameter) than previous researchers, Berg et al. (1998) for example (2-3 mm diameter). This may be a significant factor as roots with diameters > 5 mm reportedly decay more slowly than thinner roots (Silver and Miya 2001) . Possible reasons for their slower decomposition include a relatively long timelag before fresh, coarse wood (such as roots) is colonized by decomposers (Harmon et al. 1986; Hyvönen and Ågren 2001) , slower leaching rates of water-soluble compounds (Fahey et al. 1988 ) and higher proportions of recalcitrant material (Berg 2000) .
Does the amount of SOC affect R s ?
Our hypothesis that R s is related to the amount of SOC was only partly confirmed. Removing the organic layer (in the EMS treatment) resulted in lower R s values than the other treatments, in accordance with the hypothesis. However, there was no support for the related expectation that the DHL treatment would result in higher fluxes, due to the formation of a double layer of organic matter. The fluxes recorded from the EMS plots were about 75% lower than those recorded from the CON plots, implying that 75% of the fluxes from the CON plots originated from the 5 cm humus layer and the top 2 cm of mineral soil just beneath it. This percentage is lower (but similar) to the proportion of respiration (91-92%) that the top 10 cm of soil accounts for according to Pietikäinen et al. (1999) . As noted, fluxes were expected to be higher from the DHL plots, since they contained more organic material to decompose. However, during the first year, the R s from DHL plots varied from being markedly higher than from CON plots to sometimes being exceptionally low (when the moisture content was high). Thus, a possible reason for the occasionally very low fluxes from DHL plots is that high moisture levels in layers containing much of the organic matter may have suppressed decomposition and/or gas fluxes (although the moisture content measured at the top of the soil surface was not extremely high). Similarly, occasionally low values have been recorded in other site preparation studies (Mallik and Hu 1997; Pumpanen et al. 2004b) , and attributed to low soil moisture contents. Another contributory factor is that micro-environments around most of the organic matter in DHL plots may have been cooler than micro-environments of litter situated on top, as in CON plots.
Does soil mixing increase decomposition and R s ?
We also hypothesized that soil disturbance would lead to higher decomposition rates and hence higher R s . The hypothesis is apparently supported by the finding that needle litter decomposed faster in the DHL and MIX plots than in the CON plots. However, these differences could also have been due to the litter placement, as buried needle litter (in the DHL and MIX plots) decomposed more rapidly than samples incubated on the soil surface (in the CON and EMS plots) (see section 4.5). Furthermore, root litter decomposition rates in DHL and MIX plots were similar to those in CON plots. The lack of response to the treatments in these cases could have been due to root litter generally being buried in the soil (and hence not moved in DHL and MIX treatments). Thus, the biggest change caused by our site preparation treatments was the movement of root litter to the surface (where root decomposition is significantly lower) in the EMS treatment. The hypothesis that soil disturbance would increase decomposition rates is further contradicted by results from the root litter decomposition experiment, as there were no significant differences in decomposition rates among CON, DHL and MIX plots (in all of which litter was buried).
If the hypothesis that soil disturbance increases R s is valid, fluxes from the MIX plots should have exceeded those from the CON plots, and the arithmetic average of fluxes from EMS and DHL plots should have exceeded those from CON plots. However, while we observed an initial increase in the R s in MIX plots (Table 2, Fig. 2 ), the effect had disappeared after a month, and in the second year fluxes from the MIX plots were even lower than those from CON plots, and lower than the average fluxes from EMS and DHL plots during both years. Furthermore, the R s measurements showed that soil disturbances decreased, rather than increased, fluxes in the long term. Although the reason for this phenomenon could not be established, a possible explanation is that mixing moves organic matter to deeper, cooler horizons thereby decreasing decomposition rates. Another possibility is that soil disturbance induces an increase in fluxes, but it is only temporary. Mixing of the soil destroys mycelia of soil fungi. The destroyed mycelium, in addition to other easily decomposable material made available by mixing, becomes a substrate for opportunistic saprotrophs, which can respond to a change rather quickly (Lindahl et al. 2010) . However, in the long run the mixing of organic material with much less C-rich layers (as in the MIX but not DHL treatment) may disfavor decomposers, which are adapted to conditions in the organic top layer of the soil. This provides a possible explanation for the leveling of the decomposition rate in the long term (from the second year). Similar temporal trends in soil-surface R s after stump harvest have been observed by and Uri et al. (2015) .
Intriguingly, results from the decomposition study showed that root decomposition was insensitive to soil mixing. This is consistent with R s values from the MIX plots during the first year, but conflicts with values recorded in the second year. A possible explanation for the difference in results between the methods is that the in situ measurements of R s included emissions resulting from decomposition of the total SOC stock, while the litterbag study only followed the decomposition of a specific relatively young type of litter. Since litter becomes increasingly recalcitrant with time (Berg 2000) and the estimated average age of the humus layer in Scandinavian forest soils is 40 years (Fröberg et al. 2011b) , the soil profile probably contained a higher proportion of older, recalcitrant soil organic matter than the litterbags and hence may have responded differently to the soil mixing treatment. Most C loss from soil results from heterotrophic respiration, but it should be noted that C can also be leached out of the system as dissolved organic matter (Fröberg et al. 2011a) , and account for a small proportion (1-2%) of the fluxes.
Implications for site preparation and stump harvest
To test our overall hypothesis, that site preparation increases decomposition rates and soil-surface CO 2 fluxes, it is necessary to consider the total, area-weighted effects of common site preparation methods, such as harrowing or patch scarification, on C emissions. We estimated these emissions by scaling up mean fluxes from the plots subjected to each of the treatments applied in this study, with weightings based on proportional areas of each type of soil disturbance typically observed following patch scarification and harrowing. Areal proportions of undisturbed (CON type) surface, and EMS-, DHL-and MIX-type disturbance were assumed to be 50, 20, 20, and 10% following harrowing, and 75, 12.5, 12.5 and 0% following patch scarification, based on previous observations of treated clear-cuts in Sweden ). According to these estimates, patch scarification would have reduced C emissions by 7 and 10% in the first and second years, respectively, while harrowing would have reduced them by 11 and 17%, respectively. Stump harvest is more intrusive than ordinary site preparation, disturbing about 75% of the soil surface, mostly by mixing. Assuming that 75 and 25% of the soil surface after stump harvest would be comparable to the surfaces created by the MIX and CON treatments, respectively, stump harvest would have increased C emissions by 3% in the first year, and decreased them by ca. 30% in the second year (relative to emissions arising with no site preparation). These estimates suggest that stump harvest results in negligible increases in C emissions, relative to no site preparation during the first year, and emissions of the same magnitude or even lower than those generated by harrowing in the second year. Reductions in R s following site preparation or stump harvest have also been observed by and at sites with other soil types and climatic conditions in Sweden.
The location of litter affects its decomposition
The results from our needle and root litter C loss studies indicate that between-treatment differences in decomposition rates are largely due to associated differences in litter positions. Litter in bags placed on the soil surface (needles and roots in EMS plots, and needles but not roots in CON plots) decomposed more slowly than litter buried in the soil (in DHL and MIX plots, and roots, but not needles, in CON plots). This can be explained by the protection from extreme conditions (e.g. aridity and/or extreme temperatures) that burial provides. The findings suggest that site preparation methods that move organic material from the soil-surface to deeper layers in the soil profile promote higher losses of litter C, at least during the first subsequent years. Accordingly, first year mass losses of Scots pine needle litter are reportedly related to climatic factors (Fox and Cleve 1983; Berg et al. 1993; Johansson 1994a; Johansson et al. 1995) . Moreover, several studies have shown that litter decomposes more slowly on clear-felled sites than in closed forest (Prescott et al. 2000; Palviainen et al. 2004 ). Thus, the slower decomposition of litter on the surface in the EMS plots (needles and roots) and CON plots (only needles), can be explained by the relatively unfavorable conditions arising from the greater exposure to wind and sunlight (Prescott et al. 2000) .
Net N uptake in litter
In early litter decomposition stages N is transported into litter from external sources via processes that have evolved under pressures for decomposers to meet their N requirements (Staaf and Berg 1982) . Evidence of these processes was clearly seen in our needle litter study, as the amount of N in the litter increased substantially, especially in the first year. The N content continued to increase during the first winter, suggesting that the decomposer fungi remained active even under snow cover. In addition, the C content of the root litter increased during the second winter, indicating that ingrowth of fungi had occurred.
The δ 15 N abundance in needle litter was similar in plots subjected to all soil disturbance treatments (EMS, DHL, MIX), despite differences in N concentrations (Table 3) , but significantly lower in the CON plots. This suggests that the litter in the disturbed plots received more N from a source with higher δ 15 N abundance. Since the natural abundance of δ 15 N increases with soil depth, being lowest in the organic layer and highest in the mineral soil (Högberg et al. 1996; Hobbie and Högberg 2012) , the litter in the disturbed plots presumably received more N from the mineral soil, either through the direct contact between litter and mineral soil (in EMS and MIX plots) or via transport by decomposers from mineral soil.
Conflicting results from a common view
Our findings conflict with conclusions in most previous reviews that site preparation generally induces increases in CO 2 emissions from soils and hence reduces SOC stocks (e.g., reviews by Johnson 1992; de Wit and Kvindesland 1999; Freeman et al. 2005; Jandl et al. 2007 ). However, the cited reviews had broader scopes, covering (inter alia) wider ranges of forest management practices. Moreover, the conclusions on effects of site preparation on soil C stocks are based on results of a few studies at sites scattered around the world. In addition, conclusions regarding effects of site preparation on decomposition in these reviews are mainly based on litterbag studies of needle litter (e.g. , Johansson 1994b; Lundmark-Thelin and Johansson 1997) , in which the degradation of fresh organic matter was monitored during the first years in plots subjected to various disturbances. However, our integrated study of CO 2 fluxes from the soil surface and the decomposition of both young needle and root litter pools shows that there are complexities that cannot be captured solely by examining the decomposition of a specific SOC cohort in the first years following disturbances.
Conclusions
We conclude that soil disturbance, such as that following site preparation, can reduce soil-surface CO 2 fluxes. Even if it may initially increase soil-surface CO 2 fluxes, this effect is transient and limited to the first few weeks. Our results also indicate that the location of the incubated litter is the main determinant of decomposition rates, as litter decomposed more rapidly in buried bags than in those placed on top of the soil. Mixing of the soil will move litter cohorts to new locations in the soil horizon, bringing some to the surface and burying others deeper in the profile. Our results suggest that although burying litter favours decomposition, it does not necessarily lead to higher C emissions from the entire soil profile.
